An ecologically relevant soil extraction procedure separated two types of molecules important for bacteria: flavonoids and small hydrophilic organic compounds. Two flavonoids, identified previously as inducers of nodulation genes in Rhizobium meliloti, were detected in rhizosphere soil from alfalfa (Medicago sativa L.). In addition, biologically significant quantities (micromoles per kilogram) of ribonucleosides and deoxyribonucleosides were found in all soils tested. Long-term wheat (Triticum aestivum L.) plots that had received manure contained elevated amounts of nucleosides, and in a separate experiment, the presence of legumes in a wheat-cropping sequence increased soil nucleosides. Intact bacterial cells accounted for less than 1% of the free nucleosides detected. These results suggest new testable hypotheses for molecular ecologists and differ from those obtained with older, harsher techniques.
The growth of soil microorganisms depends upon their chemical environment. Lists of organic molecules present in soil have been compiled (9) , but microbiologists have found it difficult to link those data to microbial activities at any one site. Thus, while it is generally known that increases in soil organic matter elevate microbial activities (8) , there have been few attempts to couple that information with modern explanations of how soil bacteria regulate their internal functions with exogenous molecules.
Regulatory effects of some external signal molecules on soil bacteria, like Agrobacterium and Rhizobium spp., are now wellestablished (18) . Many molecules that induce transcription of nodulation (nod) genes in Rhizobium meliloti have been identified in alfalfa root exudates (21) , but attempts to study flavonoid nod gene inducers in soil have been hindered by the complexity of soil extracts (17) . If microbial ecologists are to consider how external molecules affect the growth of individual cells and development of complex communities, then they need simple methods for detecting the presence of key compounds in soil.
Soil extraction procedures normally are optimized for regulatory or chemical aims rather than for biological purposes. Supercritical fluid extraction (liquid carbon dioxide under high pressure and moderate temperature) of soil has replaced hazardous extractions using Freon, acetone, or hexane to detect environmentally important compounds such as explosive nitroaromatics (19) , polychlorinated biphenyls (5), and petroleum hydrocarbons (28) . Adding modifiers, like 2 to 5% methanol, to the carbon dioxide allows extraction of slightly polar compounds (4, 6) , but the broad range of hydrophilic compounds present in biological systems has not yet been obtained with this technique. Direct enzyme-linked immunosorbent assay detection (16) and affinity chromatography methods (10) permit measurement of biologically active compounds in soil, but such targeted techniques are not suitable for the isolation of unknown molecules.
Aqueous extracts of soil have been examined for numerous, often quite specific, purposes. Some protocols are designed to quantify elements or ions that contribute to soil fertility (29) ; others have been optimized for detection of hydrophilic pesticides (23) or complex carbohydrate analyses (3). Historically, harsh hydrolytic procedures detected significant amounts of purine and pyrimidine bases, which were then extrapolated indirectly to reflect the presence of nucleic acids (2, 24) . However, few modern soil analyses have reported data that help microbiologists identify common ecochemical factors that may affect microbial communities. The purpose of this study was to develop and test a simple, ecologically relevant extraction method that can locate small organic molecules which may influence microbial activities in soil.
Soils. All bulk soil samples in this study were produced by pooling at least 10 random cores (2.0 by 25 cm) from each plot. Rhizosphere soil from alfalfa (Medicago sativa L.) plants was defined as soil (Յ2 cm thick) adhering to the root mass after the plants were removed from the ground. Alfalfa rhizosphere and bulk soil samples in Davis, Calif., were obtained from Reiff loam (coarse loamy, mixed nonacid, thermic Mollic Xerofluvent). Wheat (Triticum aestivum L.) plots in Davis included three different soil series: Yolo (fine silty, mixed nonacid, thermic Typic Xerorothents), Rincon (fine, montmorillonitic, thermic Mollic Haploxeralfs), and Brentwood (fine, montmorillonitic, thermic Typic Xerocrepts). Wheat plots at the Rothamsted Experimental Station are on the Batcombe soil series (fine silty, montmorillonitic, mesic, nonacid, Aquic Paleudalf). Typical annual precipitation levels at the California and Rothamsted sites are 450 and 700 mm, respectively. Sterile soil required for some tests was produced by gamma irradiation with 137 Ce to treat 2 kg of soil with 886 R/min for 48 h at the Institute of Toxicology and Environmental Health, University of California, Davis.
Experimental designs. Rhizosphere soil was pooled from more than 75 4-year-old alfalfa plants in a 25-m row. Bulk soil was collected from an adjacent plant-free area within 3 m of the row. After air drying, these two samples were subdivided into three experimental replicates.
Bulk soil from wheat plots at Davis was collected from three treatments in the Long Term Research for Agricultural Systems (LTRAS) experiment. The LTRAS study contains a total of 72 plots (60 by 60 m) covering 26 ha, with three replicate plots for each treatment. This experiment is planted on a site that was cropped in alfalfa for several years and in Sudan grass [Sorghum bicolor (L.) Moench.] for 1 year before wheat was planted. Nine plots containing vegetative wheat plants in three treatments (wheat/fallow, no nitrogen; wheat/fallow, 100 kg of N/ha; and wheat/winter legume, supplying 100 kg of organic N/ha) were sampled on 1 February 1994 and 15 February 1996, to supply the year 1 and year 3 soils analyzed for this study. In January 1995, plots were either left fallow or planted with vetch (Vicia dasycarpa Ten.) (45 kg/ha) plus field pea (Pisum arvense L.) (90 kg/ha), which was incorporated into soil in April 1995 to supply organic nitrogen. The mean pH in year 1 soils was close to 7.0. Extraction and analysis. Soils were air dried, pulverized in a ball mill, and passed through a 0.5-mm-mesh-size screen before storage at room temperature. Samples (e.g., 50 g) were extracted (1:1, vol/vol) first with 100% methanol for 48 h and then with water for 48 h, with periodic stirring (Fig. 1 ). Lipophilic fraction H was not analyzed in this study, but the other three fractions were further separated by high-performance liquid chromatography (HPLC) on a C 18 column (250 by 4.6 mm, Lichrosorb RP-18 5U; Alltech Associates, Inc., Deerfield, Ill.) with a Waters 996 photodiode array detector (Millipore Corp., Bedford, Mass.), which monitored eluant absorbance for maximum absorbance (A max ) from 240 to 400 nm. A gradient running from pure water to 100% methanol in 30 min with an additional 30 min of methanol was used for fractions E (ethyl acetate), M (methanol), and W (water). Nuclear magnetic resonance ( 1 H-NMR and 13 C-NMR) measurements were recorded in [U-
2 H]methanol on a GN-300 Omega NMR spectrometer (General Electric Co., Fremont, Calif.). Fast-atom bombardment mass spectrometry (MS) data were collected with a ZAB-HS-2F MS (VG Analytical, Wythenshawe, United Kingdom) by using a VG Dynamic FAB probe, and electron ionization MS data were obtained by using a solids probe to introduce the samples into a Trio-2 MS (VG Masslab, Altrincham, United Kingdom). Standard conditions and controls reported previously were used (7, 12, 17) . Mean amounts of compounds were compared by analysis of variance using the indicated least-significant-difference values.
Separation results. Extracts from 50-g soil samples produced only visible traces of matter in fractions H, E, and M, but the aqueous fraction W consistently contained large amounts of substances in terms of both dry matter (Table 1) and UVvisible absorbance (Fig. 2) . These samples showed that N supplied from either fertilizer or organic sources significantly increased dry matter in fraction W ( Table 1) . Comparisons of UV-visible absorbance spectra of peaks separating from the three fractions confirmed that fractions W and E were completely different, while fraction M contained some compounds from the other two fractions. Chromatograms from fraction W 
FIG. 2. HPLC analysis of fractions W (A), M (B)
, and E (C) prepared from extraction of alfalfa rhizosphere soil (1.25 g). Peaks indicated as 1 through 5 were identified as the nucleoside region, medicarpin glycoside, 4Ј,7-dihydroxyflavanone, 4Ј,7-dihydroxyflavone, and coumestrol-containing compounds, respectively. Unknown no. 1 ‫)ء(‬ was found only in rhizosphere soil. samples showed strikingly similar patterns of peaks with obvious quantitative differences among various agronomic soils analyzed in this study. Chromatograms from fractions M and E showed no such quantitative differences, but there were a number of seemingly random peaks with qualitatively different UVvisible absorbance characteristics.
Occurrence of flavonoids. Fraction E from the alfalfa rhizosphere soil contained several flavonoids that have been reported in root exudates of plants grown under controlled conditions. These compounds included the nod gene inducers 4Ј,7-dihydroxyflavanone and 4Ј,7-dihydroxyflavone, as well as a glycoside conjugate of the isoflavonoid medicarpin. These compounds, which were purified and identified previously by 1 H-NMR and MS techniques (7, 20) , were recognized here by their UV-visible absorbance traits and HPLC retention times. Neither the flavanone nor the flavone was observed in extracts of bulk soil collected adjacent to the alfalfa plants, but traces of medicarpin-containing conjugates were found occasionally outside the rhizosphere. In addition, two peaks with UV-visible absorbance traits identical to those of the isoflavonoid coumestrol were observed in fraction E from rhizosphere soil. Several coumestrol conjugates have been identified in alfalfa root extracts (27) .
Occurrence of nucleosides. Region 1 of the fraction W HPLC analysis ( Fig. 2A ) contained a variety of nucleosides similar to those found in bulk soil from wheat plots (Fig. 3) , and peaks in this region were quantified for results reported here. The peaks identified as uridine and adenosine were studied most intensively because they were isolated in reasonably large amounts and differed in UV-visible absorbance traits. Putative uridine and adenosine samples were confirmed by MS analyses relative to commercial standards (molecular weight ϭ 244 and 267, respectively). Both putative compounds also were confirmed by 1 H-NMR data, which were comparable to those obtained from authentic samples: uridine, ␦ H ppm ([U- Nucleosides other than uridine and adenosine were identified in this study on the basis of HPLC retention time and UV-visible absorbance traits of commercial standards (Fig. 3) . Bases attached to 2-deoxyribose are abbreviated here as dadenosine, d-uridine, etc. The d-uridine probably was produced by demethylation of d-thymidine. Tests with relevant nucleotide standards established that they eluted 5 to 12 min earlier than nucleosides under the HPLC conditions employed. When nucleotides were added to soil, air dried, and extracted with the standard protocol, they were recovered as early-running HPLC peaks. Thus, the extraction procedure itself did not convert nucleotides into nucleosides.
Every soil sample extracted for this study contained at least one HPLC peak which could be attributed to a nucleoside. Amounts of the five dominant nucleosides observed here did not differ significantly between rhizosphere and bulk soil samples from alfalfa plants ( Table 2) . Those extracts, however, were chemically distinct because an unidentified compound (unknown no. 1) was detected consistently in the alfalfa rhizosphere and never in bulk soil samples. Unknown no. 1 also was found in rhizosphere soil from alfalfa plants grown at another site in California. Thus, this compound may specifically reflect the presence of alfalfa. Soil from long-term wheat plots treated annually with farmyard manure contained much higher levels of nucleosides than the unfertilized plot in the same experiment (Table 3) , which paralleled to some extent direct measures of total C. Soil from the adjacent hedgerow is not directly comparable to that in the wheat plots, but it contained the highest concentrations of nucleosides extracted from any soil in this study. Extracts of California wheat soils showed a sig- 
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on September 4, 2015 by UNIVERSITY OF CALIFORNIA-DAVIS http://aem.asm.org/ nificant increase in four nucleosides for plots which had contained winter legumes during the previous cropping year (Table 4). In order to assess whether bacteria in the manured wheat plot accounted for the elevated levels of nucleosides (Table 3) , cells were removed from the soil and extracted separately. Intact bacterial cells separated from fresh Rothamsted soil samples by an improved density partitioning technique (26) and extracted with the standard protocol ( Fig. 1 ) contained an average of 0.5% (range, 0.25 to 1.0%) of the nucleosides extracted from the intact soil sample. These values were confirmed by adding 14 C-adenosine (8-14 C; Amersham Life Sciences, Arlington, Ill.) to nonsterile soil and observing that less than 1% of the counts could be extracted. Although nucleosides from intact bacteria probably were included in analyses reported here, the ease with which added nucleosides adhered to soil (see below) suggests that such compounds from lysed cells were added to a larger pool of molecules that had accumulated from previous biological materials. A single methanolic lysis of intact bacteria could not account for all the nucleosides reported because, in two experiments, sequential extracts of the same soil sample always contained nucleosides. For example, three cycles of methanol rinsing, water extraction, and drying recovered the following relative amounts of dry matter and uridine in each water fraction: dry matter, 100, 98, and 48%; uridine, 100, 63, and 44%. Tests with alternative extraction procedures, including either water or NaCl solutions before methanol, yielded no nucleosides in HPLC analyses of the aqueous fractions.
Recovery of nucleosides. Despite the fact that nucleosides were found easily with a modern HPLC detector ( Fig. 2A and  3) , the amounts present in each extract were quite small. Indeed, the amounts reported here (Tables 2 to 4) were determined only after numerous tests calculated the recovery of each compound in every soil sample. Recovery tests were performed by adding known amounts of nucleosides (e.g., 1 mol) to 50-g soil samples, air drying the soil, mixing it, and then extracting and analyzing the sample by the standard methods. The estimated recoveries ranged from 0.1 to 5%, and uridine was consistently recovered with the highest efficiency. This fact explains why uridine was generally the most prominent peak in the nucleoside region of many HPLC chromatograms in this study. Additional tests with 14 C-adenosine gave recoveries within that range. The difficulty of extracting nucleosides from soil is not surprising, given results from previous studies of adsorption of nucleotides to clay (11) , the fact that paraquat is commonly used to extract ATP from soil (15) , and the concept that prebiotic nucleic acids may have been stabilized on clay. Tests showed soils generally were saturated by adding 200 mol of 14 C-adenosine/kg to the amount already present. This result, however, does not preclude the extraction of higher levels, if nucleosides are associated with organic material (e.g., hedgerow soil in Table 3 ).
Significance of the observations. By combining a gentle extraction technique with modern analytical methods, this study demonstrates that flavonoids and nucleosides are actually present in soil, where they may affect microorganisms. The observed presence of flavonoids is less novel than the fact that free nucleosides occur in soil. This opinion is based on the fact that gradients of nod gene-inducing activity have been measured previously in soil (17) and that many laboratory studies have examined mechanisms by which these molecules affect bacteria (18) . The nucleoside observation is more significant for two reasons: (i) ecologists have not considered that these molecules may be available in significant quantities to soil microorganisms, and (ii) their presence generates new testable hypotheses.
Previous studies concluded that soils contain nucleic acids and nucleotides (9) , but little attention has been paid to nucleosides. Those reports were produced by soil scientists who were considering whether nucleic acids might be an important reservoir of phosphorus in soil, and generally they used very harsh techniques. Extractions that isolated purine and pyrimidine bases measured amounts comparable to those contained in the nucleosides reported in the current study (2) . Other workers, who optimized extraction methods for nucleotides, measured amounts in the lower range of the nucleosides found in this report (1, 15) , and direct measurements of ATP in Rothamsted soils used in this study confirmed the presence of that molecule in the expected range of 2 to 6 mol/kg of soil (data not shown). Thus, results from this study are both consistent with and yet different from results of previous reports. The extraction protocol described here probably can be optimized further by adding solutes to the water and/or methanol solvent, and direct tests to assess the biological availability of soil nucleosides can be designed.
Results from this study have quite different implications for ecological studies than previous reports. This conclusion is based on the obvious fact that nucleosides are chemically different from both complex nucleic acids and mononucleotides. Oligonucleotides must be hydrolyzed before they are available to bacterial cells; mononucleotides are negatively charged and probably move more freely than nucleosides in the soil. Nucleosides adhere tightly to soil particles, as the limited recoveries in this study demonstrate; and thus some, but not all, bacteria may have evolved mechanisms for using them. For example, bacteria releasing extracellular products that solubilize nucleosides from clay surfaces should have an advantage over bacteria that must synthesize all their nucleosides. Alternatively, microorganisms with sensitive, inducible nucleoside transporters may have a competitive advantage in certain soil environments. The ecological significance of in vitro functions of nucleosides as inducers of bacterial spore germination (25) , inhibitors of fungal mycelial growth (14) , and inhibitors of key enzymes in bacteria (22) or viruses (13) has remained uncertain. Results from this study showing that nucleosides persist in soil suggest that microbiologists might test directly for the activity and ecological significance of soil nucleosides with appropriate reporter genes. In this sense, therefore, the demonstrated presence of nucleosides in soils generates new testable hypotheses, but the actual biological availability of those compounds remains to be proved. 
